Here we report a Narf-like gene from the apicomplexan Cryptosporidium parvum (CpNARF). CpNARF is an intronless, single-copy gene of 1680 bp which encodes a putative protein of 560 amino acids with a calculated molecular mass of 63.1 kDa. This gene contains a single highly conserved N-terminal iron^sulfur cluster ([4Fe^4S]) binding site, as well as most of the H-cluster conserved residues. Reverse transcription polymerase chain reaction analysis indicates that CpNARF is expressed by the intracellular stages of C. parvum. Although the function of this gene is as yet unknown, phylogenetic analyses suggest that CpNARF belongs to the group of NARF-like proteins from aerobic protists and higher eukaryotes, which are thought to have had an ancestor in common with [Fe]-hydrogenases.
Introduction
Cryptosporidium parvum (Alveolata : Apicomplexa) is an intestinal parasite of mammals that causes self-limited diarrhea in healthy adults and children worldwide. However, in immunocompromised patients it may cause chronic diarrhea for which there is no e¡ective treatment [1] . Although little is known about the energy metabolism of this apicomplexan, recent biochemical studies [2, 3] and C. parvum genome analysis [4] suggest that glycolysis is fermentative, and that lactate may be a major end product. Unlike most anaerobic protists in which pyruvate is decarboxylated to acetyl-coenzyme A by pyruvate ferredoxin:oxidoreductase, thereby transferring electrons to ferredoxin, C. parvum (Apicomplexa) and the photosynthetic protist Euglena gracilis (Euglenozoa) possess a unique pyruvate:NADP þ oxidoreductase containing an N-terminal pyruvate ferredoxin :oxidoreductase domain fused to a C-terminal NAD(P)H :cytochrome-P450 reductase domain [5] . In E. gracilis this enzyme catalyzes the transfer of electrons from pyruvate to NADP þ [6] . In some anaerobic protists which contain hydrogenosomes, i.e. trichomonads, chytrid fungi, and rumen ciliates, the terminal electron donors (ferredoxins, NADPH) are reoxidized by an [Fe]-hydrogenase, thereby generating molecular hydrogen [7, 8] . Metabolically active [Fe] -hydrogenases are limited to anaerobic prokaryotes and protists or green algae. However, several putative homologues of [Fe]-hydrogenases called Narf-like (nuclear prelamin A recognition factor) genes have been identi¢ed from unicellular and multicellular aerobic eukaryotes including humans [9^11] . The function of these Narf-like genes is unknown [11] .
Here we report the organization, transcription and phylogenetic analysis of the Narf-like gene from C. parvum (CpNARF). To date this is the ¢rst Narf-like homologue to be characterized from a parasitic protist.
Materials and methods

Parasites and nucleic acid isolation
C. parvum (IOWA strain) was obtained and cultured on HCT-8 (ATCC CCL-244) cell cultures as previously described [12] . Total genomic DNA and RNA were isolated from C. parvum sporozoites and from mock-infected HCT-8 cells, as well as from 24 h HCT-8 cells infected with C. parvum. Isolations used QIAamp 0 DNA Mini Kit (Qiagen) and RNeasy 0 Mini Kit (Qiagen) with a RNase-Free DNase Set (Qiagen) according to manufacturer's instructions.
Library screening, subcloning, and sequencing
The C. parvum gene fragment (gn1/CVMUMN 5807/ cparvum contig 2535 of genome survey sequences) that possesses similarities to [Fe]-hydrogenases of anaerobic protists was originally retrieved through a BLAST search (http://www.ncbi.nlm.nih.gov/BLAST) using as a query sequence the [Fe]-hydrogenase of Entamoeba histolytica (AAG09783) [13] . The C. parvum fragment was polymerase chain reaction (PCR)-ampli¢ed, random-primer-labeled with [K- 32 P]dATP (Boehringer Mannheim), and was then used as a probe for library screening as previously described [12] . The complete open reading frame (ORF) was deduced from sequences of overlapping clones isolated from EcoRI and HindIII C. parvum (KSU-1 strain) genomic DNA libraries constructed in pBluescript SK þ (Stratagene). The ampli¢ed full-length gene from C. parvum IOWA was cloned into the pCR2.1 TOPO vector (Invitrogen), and was sequenced on both strands by the Wadsworth Center Molecular Genetics Core to con¢rm its identity. The GenBank accession number of the nucleotide sequence of C. parvum Narf-like gene is AY145118.
Southern analysis
For Southern blot analysis, 5 Wg of genomic DNA per lane was digested with EcoRI, HindIII or HaeIII, separated by electrophoresis and transferred onto Zeta-probe Nylon membranes (Bio-Rad). The probe was an [K-32 P]-dATP random-primer-labeled DNA fragment of the CpNARF gene (positions 534^1387) isolated after EcoRI/ HindIII double digestion of a HindIII gDNA clone.
RT-PCR analysis
The ¢rst strand cDNA was synthesized from DNasetreated RNA (SuperScript First-Strand Synthesis for RT-PCR, Invitrogen), using the CpNARF-speci¢c reverse primer 5P-1484 GCT TCC TGA ACC TCA TCA ATA AAC-3P. Prior to the cDNA synthesis, RNA was checked for the presence of contamination using standard PCR with oligonucleotide primers speci¢c for the C. parvum 18S rRNA gene [14] . Further PCR ampli¢cation used 0.2 mM gene-speci¢c primer pairs CpNARF-F 5P-587 GAT CAG CAC AAC AAT TAC AAG G-3P and CpNARF-R 5P-1241 CCG TAA GCA AGG CAA TAA TTC AG-3P. The 50 Wl total PCR reaction contained 1 mM dNTPs, 2 mM MgCl 2 , 5 U of Taq polymerase in reaction bu¡er (Promega), and 2 Wl of cDNA. Ampli¢cation was performed using a GeneAmp 9600 (Perkin-Elmer) cycler : 10 cycles (94 ‡C for 1 min, 46 ‡C for 1 min, 72 ‡C for 1 min) followed by 25 cycles (94 ‡C for 1 min, 50 ‡C for 1 min, 72 ‡C for 50 s). The identity of amplicons for CpNARF obtained from C. parvum-infected HCT-8 cells was con¢rmed by sequencing the C. parvum RT-PCR speci¢c products.
Alignment and phylogenetic analysis
Amino acids were translated from recovered DNA sequences and were aligned using the Clustal X program, PAM 250 aa matrix [15] . All ambiguously aligned positions were excluded from the alignment. A total of 292 aa positions including the H-cluster domains and one neighboring iron^sulfur ([4Fe^4S]) cluster were used to calculate trees in three di¡erent phylogenetic programs. All amino acid sequence alignments are available from the authors upon request. Both a maximum likelihood tree analysis using WAG+y+a model of amino acid evolution (1000 quartet puzzling values) and a likelihood mapping analysis (10 000 values) were performed using the TREE-PUZZLE v. 5.0 program [16, 17] . A Bayesian phylogenetic search for tree space using a variant of the Markov Chain Monte Carlo was performed in the MrBayes 2.01 program [18] . Metropolis-coupled Markov Chain Monte Carlo analysis used the JTT+y+a model of amino acid evolution. The Markov chain was started from a random tree for 50 000 generations and was sampled every 50 generations with four chains. The ¢rst 13 000 generations were ¢nally dis- carded. The role of saturation of amino acid substitutions on the tree was investigated using the Java-based application ASaturA, which discriminates between frequent and rare amino acid replacements against the overall evolutionary distance by varying user-de¢ned 'cut-o¡' values [19] . As de¢ned by this program, the reconstructed neighbor-joining trees were assumed to be based only upon the unsaturated fraction of amino acid replacements [19] .
Results and discussion
3.1. C. parvum possesses a Narf-like gene (CpNARF)
Library screening yielded an ORF deduced from several overlapping clones isolated from EcoRI and HindIII C. parvum genomic DNA. Each clone was sequenced on both strands to con¢rm the identity of CpNARF. This gene is a single-copy (Fig. 1A) , intronless gene of 1680 bp that encodes a peptide of 560 aa with a calculated molecular mass of 63.1 kDa. RT-PCR analysis revealed that CpNARF is transcribed in 24 h C. parvum-infected HCT-8 cells (Fig. 1B) . At 24 h, intracellular stages of C. parvum in HCT-8 cell culture consist of a mixture of ¢rst-generation meronts and merozoites [20] . The absence of a PCR amplicon in C. parvum-uninfected HCT-8 cells con¢rmed that transcription of CpNARF is C. parvummediated.
Multiple amino acid sequence alignment of [Fe]-hydrogenase and NARF-like homologues revealed a close relationship of CpNARF to the NARF-like proteins of other eukaryotes (Fig. 2) . CpNARF has only the residues coordinating the H-cluster and adjacent medial iron^sulfur cluster, the FS4A domain. The H-cluster, composed of proximal [4Fe^4S] and [2Fe] clusters, represents a very special structure proposed to be the active site of hydrogen-producing [Fe]-hydrogenases [21, 22] . X-ray crystallography of the [Fe]-hydrogenase from the hydrogen-generating anaerobic soil bacterium Clostridium pasteurianum and sulfate-reducing bacterium Desulfovibrio desulfuricans indicates that the active site domain forms a 'mushroom cap' [23, 24] . CpNARF contains conserved motifs 1^4 for the [24] . Abbreviations : Cl.p, Clostridium pasteurianum; T.vA, Trichomonas vaginalis hydA3; E.hi, Entamoeba histolytica; G.in, Giardia intestinalis; Ch.r, Chlamydomonas reinhardtii hydA; C.pa, Cryptosporidium parvum ; L.ma, Leishmania major; S.ce, Saccharomyces cerevisiae Nar1; E.cu, Encephalitozoon cuniculi; H.sa, Homo sapiens Narf (#AAD51446) ; A.th, Arabidopsis thaliana; T.go, Toxoplasma gondii. For accession numbers see Fig. 3 (Fig. 2, arrows) . The only other conserved coordinates are four N-terminal binding cysteine residues (C 21; 66; 69; 72 ), prerequisite for the medial [4Fe^4S] cluster within the FS4A domain (Fig. 2, plus signs) . Like all NARF-like proteins, the proposed proton-donating cysteine [22] in hydrogen-producing hydrogenases is not conserved in C. parvum, and instead is a histidine residue (H 171 ) in CpNARF (Fig. 2) (Fig. 2) . As in most NARF-like proteins, CpNARF contains a conserved tryptophan residue (W) at the C-terminus (data not shown), the signi¢cance of which is as yet unknown. Unlike other sequences, CpNARF contains a unique 30-aa (217^246) insertion between motifs 1 and 2 of the H-cluster, and a shorter, 12-aa (429^440) insertion between motifs 3 and 4 ( Fig. 2) . Neither an N-terminal organelle targeting signal nor a nuclear localization sequence was identi¢ed in CpNARF [25] . Structural analyses of the active site, as well as lack of further electron-accepting domains, i.e. the distal [4Fe^4S] domain (FS4B) conserved within hydrogen-producing [Fe]-hydrogenases, suggest that both electron £ow and hydrogen metabolism are absent in NARF-like proteins [22] .
Phylogenetic analyses of NARF-like proteins and [Fe]-hydrogenases
An alignment of 37 taxa was used to determine the phylogenetic relationship among major [Fe]-hydrogenase clusters. The maximum likelihood tree was calculated using the TREE-PUZZLE program (Fig. 3) . Putative Narflike homologues from the kinetoplastid Leishmania major and the microsporidian Encephalitozoon cuniculi are monophyletic (68%) with other Narf-like genes. The gene of E. cuniculi is a sister to the rest of the clade. A partial Narf-like gene from the kinetoplastid Trypanosoma brucei was retrieved from the database and clustered along with Leishmania major, but due to its incompleteness (i.e. absence of some H-cluster motifs), the T. brucei sequence was eliminated from the ¢nal reconstruction. A likelihood mapping analysis revealed that 80.1% of all quartets were within the three well-resolved phylogenetic regions ; 6.7% were unresolved and 13.2% showed star-like evolution (Fig. 3, inset diagram) . The likelihood mapping values for the full amino acid alignment indicate that a sequence-based phylogenetic reconstruction would produce a tree only moderately resolved, i.e. 19.9% of the likelihood vectors are located in the unresolved area of the Fig. 3 . The phylogenetic relationship among major [Fe]-hydrogenase clusters is based upon amino acids conceptually translated from recovered DNA sequences of 37 taxa. The phylogram was reconstructed in TREE-PUZZLE based on [Fe]-hydrogenase and NARF-like amino acid sequence alignments using the WAG+y+a model of amino acid evolution (log 3Ln = 315 912). The numbers at the internal branches represent the quartet puzzling values (n = 1000). The inset diagram represents a likelihood mapping analysis of [Fe]-hydrogenase sequence alignments. The regions at the three corners of the triangle represent well-resolved phylogeny. The central region represents star-like evolution. The three sides of the triangle represent regions where it was di⁄cult to distinguish between two of three topologies with an equal likelihood, and in which the third topology had a probability of zero. *Candida albicans full length Narf-like ORF: gln/SDSTC_5476/C.albicans Contig6-2352.
map. This observation is congruent with the paucity of conserved sequences, except for catalytically indispensable sites (Fig. 2) . When [Fe]-hydrogenase H-cluster domains alone were aligned, the results were similar, i.e. 76.5% of all quartets were resolved whereas 23.5% were not (data not shown).
A reconstructed consensus tree using Bayesian inference in MrBayes revealed a phylogram with a topology similar to the TREE-PUZZLE analysis (data not shown). Furthermore, this program robustly supported (posterior probability = 100%) the monophyly of Narf-like genes, con¢rming both the sister position of E. cuniculi and the monophyly of C. parvum and L. major within the Narf-like genes of other eukaryotes. In addition, the monophyly of [Fe]-hydrogenases from Trichomonas vaginalis and (Spironucleus barkhanus, Entamoeba histolytica, and Giardia intestinalis) was robustly supported (posterior probability = 100%) by the consensus tree.
The role of saturation of amino acid substitutions on the tree was investigated using the Java-based application ASaturA. The monophyly with Narf-like genes of C. parvum, L. major and E. cuniculi homologues, and E. cuniculi as a sister to them (data not shown), was also strongly supported by the bootstrapped (n = 1000) tree. The monophyly of [Fe]-hydrogenase genes of T. vaginalis and (S. barkhanus, E. histolytica, G. intestinalis), however, was not supported, suggesting that saturation of sites within these protist sequences occurred.
The amino acid sequence encoding a NARF-like homologue in the microaerophilic apicomplexan C. parvum resembles those recently discovered in aerobic eukaryotes [10] . Indeed, a phylogenetic analysis of [Fe]-hydrogenase homologues revealed that CpNARF clusters with the Narflike genes from yeast, animals and higher plants (Fig. 3) , and not with [Fe]-hydrogenases of anaerobic protists (E. histolytica, G. intestinalis, S. barkhanus, T. vaginalis, Nyctotherus ovalis). Currently, the classi¢cation of [Fe]-hydrogenases is based upon the modular structure of the catalytic subunits, which contain an H-cluster plus either four (long-type), two (short-type), one (Narf-like genes) or no (green algae) N-terminal accessory iron^sulfur clusters (Fig. 2) . To date, there is no correlation between these domain structures or the sizes of the catalytic subunits with the phylogeny of the host organism. Nonetheless, the hypothetical ancestor is thought to be the short type with two accessory iron^sulfur clusters [11] .
Our phylogenetic analyses agree essentially with those of others [8, 10, 26] in that: (1) the monophyly of aerobic eukaryotic Narf-like genes is moderately supported; 2) the [Fe]-hydrogenases of anaerobic trichomonads, diplomonads and entamoebids emerge as a separate, moderately supported monophyletic group distinct from Narf-like genes; and 3) the origins of an ancestral eukaryotic [Fe]-hydrogenases are still elusive; e.g. the [Fe]-hydrogenase of the ciliate N. ovalis is nested within those of eubacteria [27] .
As mentioned previously, CpNARF clusters with the NARF-like proteins, which have a common ancestry with [Fe]-hydrogenases, but have probably lost the ability to produce H 2 . With the exception of the human NARF protein, which participates in the nuclear binding of prelamin A [5] , the function of NARF-like proteins is completely unknown. Narf-like genes have been identi¢ed in the genomes of many extensively studied eukaryotic taxa (kinetoplastids, fungi, animals, and plants) [11, 26] . Among other Apicomplexa, both Toxoplasma gondii and Plasmodium falciparum possess putative ORFs with indices of Narf-like sequences. An incomplete 498-aa ORF which contains conserved motifs 2, 3 and 4 homologous to the C-terminal part of NARF-like proteins has been identi¢ed in T. gondii (Fig. 2, T.go) . In the annotated genome of P. falciparum [28] , the N-terminal part of the amino acid sequence #CAD50414 contains conserved coordinates for one accessory iron^sulfur cluster and motifs of the H-cluster domain. Although the deletion of a Narf-like gene (Nar1) is reported to be lethal to haploid yeast cells [29] , it is unclear whether NARF-like proteins are essential for all eukaryotes and whether they function identically.
In summary, although C. parvum is microaerophilic and shares some metabolic features with anaerobic protists (i.e. anaerobic glycolysis, absence of an active tricarboxylic acid cycle, insensitivity to the inhibitors of respiratory chain [2, 3] ), both the phylogenetic and sequence data reported here are consistent with the classi¢cation of CpNARF as a Narf-like gene homologous to those of aerobic protists and higher eukaryotes, rather than an [Fe]-hydrogenase present in some anaerobic protists [10, 27] . Speci¢cally, (1) CpNARF contains only one N-terminal [4Fe^4S] cluster domain (FS4A); (2) a putative proton-donating C conserved in hydrogen-producing hydrogenases is not present in CpNARF and corresponds to H 171 (Fig. 2) ; (3) CpNARF contains a conserved W residue at the C-terminus like most of the NARF-like proteins; and (4) CpNARF lacks the obvious N-terminal organelle-targeting signal, present in most metabolically active [Fe]-hydrogenases. Thus, [Fe]-hydrogenases appear to have diverged in both structure and function as core metabolism changed in aerobic and anaerobic eukaryotic lineages over evolutionary time.
